The discovery of the RANKL/RANK/OPG system in the mid 1990s for the regulation of bone resorption has led to major advances in our understanding of how bone modeling and remodeling are regulated. It had been known for many years before this discovery that osteoblastic stromal cells regulated osteoclast formation, but it had not been anticipated that they would do this through expression of members of the TNF superfamily: receptor activator of NF-κB ligand (RANKL) and osteoprotegerin (OPG), or that these cytokines and signaling through receptor activator of NF-κB (RANK) would have extensive functions beyond regulation of bone remodeling. RANKL/RANK signaling regulates osteoclast formation, activation and survival in normal bone modeling and remodeling and in a variety of pathologic conditions characterized by increased bone turnover. OPG protects bone from excessive resorption by binding to RANKL and preventing it from binding to RANK. Thus, the relative concentration of RANKL and OPG in bone is a major determinant of bone mass and strength. Here, we review our current understanding of the role of the RANKL/RANK/ OPG system in bone modeling and remodeling.
Normal bone modeling
With the exception of the bones of the calvaria, all bones in the mammalian skeleton are preformed in cartilage moulds from mesenchymal progenitors, which under appropriate stimuli also have the potential to differentiate into a variety of tissue types, including fibrous tissue, fat and muscle. Chondrocytes proliferate near the ends of the cartilage moulds to drive their longitudinal growth, while others in the centers of undergo hypertrophic differentiation. The hypertrophic chondrocytes at the periphery of the centers of these moulds are invaded by blood vessels and undergo apoptosis. Some of this hypertrophic cartilage survives as thin islands of cartilage in the centers of ossification in growing bones. Osteoblasts, which differentiate from progenitors in a collar of connective tissue around the middle of the bones where vascular invasion takes place, follow the endothelial cells and lay down bone matrix on the surfaces of these islands of cartilage to form bone struts or trabeculae (1) . Osteoclast precursors (OCPs), derived from progenitors in the spleen and liver are attracted from blood in the invading blood vessels close to newly formed bone trabeculae. These osteoclast precursors fuse with one another to form multinucleated osteoclasts, which resorb most of the newly formed bone leaving only a few trabeculae to comprise the spongy bone of the secondary spongiosa. This secondary spongiosa comprises the metaphyseal bone between the epiphysis and the diaphysis of the bones. Osteoblasts lay down new bone on parts of the surfaces of these surviving trabeculae where there has been osteoclastic resorption and much of this new bone is subsequently resorbed by osteoclasts in a remodeling process that ensures that the volume of bone in the medullary cavity is limited and does not fill the space. This osteoclastic resorption of new bone provides space for the proliferation of hematopoietic cells, which like OCPs come from circulating precursors in the spleen and liver, and form the bone marrow. Osteoclastic resorption thus prevents the development of osteopetrosis, a congenital defect of endochondral ossification, which occurs if osteoclasts fail to form or have impaired activity (2, 3) .
As the cartilaginous centers of the growing bones are removed and replaced by bone and marrow, condensations of proliferating and prehypertrophic chondrocytes form close to the ends of long bones where along with a layer of hypertrophic chondrocytes they constitute the epiphyseal growth plates. This process, called endochondral ossification, requires expression by mesenchymal osteoblast precursor cells of Runx2, the master transcription factor that regulates bone formation (4, 5) because in the absence of Runx2 vascular invasion of the cartilage moulds does not take place and no bone is formed (6, 7) . Runx2 also mediates the osteoblast differentiating effects of BMP2 (8) , which regulates chondrocyte differentiation as well as the formation of bone during endochondral ossification (9) in an NF-κB-dependent manner (10) .
Hypertrophic and to a lesser extent prehypertrophic chondrocytes express RANKL, OPG and RANK. Mice deficient in RANKL, RANK and NF-κB p50 and p52 develop osteopetrosis because they do not form osteoclasts (see below) and have thickened hypertrophic cartilage zones in their growth plates. This defect is rectified spontaneously between 2 and 3 weeks of age in the RANKL−/− and RANK−/− mice and 2-3 weeks later in the NF-κB p50 and p52 double knockout mice (our unpublished observations). The precise role of RANKL/RANK/ NF-κB signaling in chondrocytes during endochondral ossification remains poorly understood, but these findings suggest that it may regulate the lifespan of hypertrophic chondrocytes through NF-κB p50 and p52-regulated genes at least temporarily, similar to MMP-9 (11), which is regulated by NF-κB (12) . All of these knockout mice are dwarfed, suggesting that RANKL/ RANK/NF-κB signaling during the first 2-3 weeks of life is essential for attainment of full skeletal growth, but it is not known if this requirement is in cells of the osteoclast, osteoblast, chondrocyte, or endothelium lineages.
Recent studies suggest that hypertrophic chondrocytes are involved in the differentiation of osteoclast precursors at growth plates. Their expression of RANKL is regulated positively by Vitamin D3 (13) and BMP2 (14) in a dose-dependent manner in vitro. BMP2 is expressed by prehypertrophic chondrocytes in vivo and it induces higher expression of RANKL from chick upper sternal chondrocytes than from lower sternal chondrocytes (14) , which consist predominantly of prehypertrophic cells. Upper sternal chondrocytes, in contrast are predominantly hypertrophic cells and these, like osteoblasts, also express OPG. However, these chondrocytes do not express OPG to the same degree as RANKL in response to BMP2 and thus the RANKL/OPG ratio changes in favor of osteoclast differentiation in response to BMP2. Chondrocytes express RANKL constitutively in vitro and surprisingly can support osteoclast differentiation from precursors when both cell types are cultured in a transwell assay system (14) . Bone growth during embryonic development and in the first 2 weeks after birth occurs at a very high rate. Thus, it is essential that osteoclast formation is induced at the growth plate to mediate the rapid removal of calcified matrix and the formation of the marrow cavity. Hypertrophic chondrocytes are ideally situated in growth plates close to the blood vessels that bring osteoclast precursors from the circulation into developing bones to mediate this process.
They secrete VEGF (11) and other factors that regulate vascular in-growth and could also promote egression of OCPs from these newly-formed blood vessels through RANKL expression. RANKL has a chemo-attractant effect on peripheral blood monocytes (15, 16) . Therefore, local release of RANKL by chondrocytes and induction of its expression by BMP2 could mediate this OCP egression. Interestingly, osteoclasts are not required for the removal of the cartilage that forms during endochondral ossification since cartilage is resorbed and bone forms in the absence of osteoclasts, such as in RANKL and RANK knockout mice (17, 18) . Presumably the cartilage is removed by chondroclasts, but these remain poorly defined cells, which may be in the monocyte lineage (11) .
Bone remodeling
Bone has multiple functions in vertebrates, including protection of vital organs and hematopoietic marrow, structural support for muscles, and storage and release of vital ions, such as calcium, and of growth factors stored in the matrix. Bone in the adult skeleton is renewed continuously in response to a variety of stimuli by the process of bone remodeling. This involves removal of trenches or tunnels of bone from the surfaces of trabecular and cortical bone, respectively, by osteoclasts (19) . Osteoblasts subsequently fill in these trenches by laying down new bone matrix in them. This sequence is similar to that which occurs in the trabeculae formed during endochondral ossification, but unlike in the latter where resorption exceeds formation to allow formation of the medullary cavity in bones, bone formation matches resorption during normal bone remodeling.
The processes that drive bone remodeling are still not fully explained, but they include damage to parts of bones in response to normal wear and tear, changes in mechanical forces following alterations in body shape or weight or exercise, and local release of cytokines or growth factors due to alterations in levels of systemic hormones. It is a tightly regulated process in that formation follows resorption in a site-specific manner and there are more than 1 million of these microscopic foci of remodeling at any time in the adult skeleton.
Recent studies suggest that at least in response to mechanical forces, osteocytes regulate the recruitment of osteoclasts to sites of bone resorption by inducing the expression of RANKL by osteoblastic cells in the local micro-environment (20) . Despite this advance, the precise molecular mechanisms that control the initiation, progression and cessation of remodeling at any given site remain poorly understood. Osteocytes are terminally differentiated osteoblasts, which became embedded in the osteoid matrix they were laying down. They communicate with one another and with osteoblastic cells on the surface of overlying bone and through them with osteoblastic cells in the bone marrow cavity and in this way are thought to regulate RANKL expression by these latter cells, although they do not appear to express RANKL themselves.
The rate of bone remodeling and the number of remodeling sites are increased in a variety of pathologic conditions affecting the skeleton, including postmenopausal osteoporosis, hyperparathyroidism, and rheumatoid arthritis, in which local and/or systemic alterations in the levels of hormones or pro-inflammatory cytokines stimulate bone resorption (19) . Most of these factors induce bone resorption predominantly by an indirect mechanism that involves upregulation of the expression of M-CSF and RANKL by osteoblastic and other cells (21) . Our understanding of the molecular mechanisms that regulate the formation and activity of osteoclasts has advanced rapidly following the identification in the mid-to-late 1990s of the RANKL/RANK/OPG signaling system, coupled with study of bones from genetically altered mice and from animal models of bone diseases. More recently, it has become increasingly clear that osteoclasts are not simply bone resorbing cells, but that they also regulate osteoblast functions positively and negatively (22, 23) , mediate the egression of hematopoietic stems from the marrow into the blood (24) , and function as immunomodulators in pathologic states (25) .
Regulation of Osteoclast Formation and Activation by OPG, RANKL and RANK
Osteoclasts are derived from mononuclear precursors in the myeloid lineage of hematopoietic cells that also give rise to macrophages. Understanding of the molecular mechanisms that regulate osteoclast formation and activation has advanced rapidly in the last 12 years since the discovery of the RANKL/RANK signaling system. M-CSF expression by osteoblastic stromal cells is required for progenitor cells to differentiate into osteoclasts, but M-CSF on its own is unable to complete this process. This requirement for M-CSF was discovered by the observation that op/op mice, which do not express functional M-CSF, have osteopetrosis because they lack osteoclasts (26) . Completion of OCP differentiation requires expression of RANKL by osteoblastic stromal cells and of RANK by OCPs.
The requirement of osteoblastic stromal cell expression of a factor(s) that mediated OCP differentiation had been recognized for many years before the discovery of RANKL, its decoy receptor, OPG and its receptor, RANK. Many groups had attempted unsuccessfully to purify what turned out to be RANKL from bone cells for many years before its discovery by four groups working independently and using different approaches. Researchers at Amgen unexpectedly discovered the naturally-occurring inhibitor of RANKL, a molecule they named osteoprotegerin (OPG) because it protected against bone loss. They were making transgenic mice over-expressing various TNF receptor-related cDNAs in attempts to find molecules that could interfere with TNF signaling. They observed that mice over-expressing a particular cDNA developed osteopetrosis due to a lack of osteoclasts (27) . Researchers at the Snow Brand Milk Products Co. in Japan discovered an identical molecule (28) by purifying a factor from ST-2 osteoblastic cells that inhibited osteoclast formation. Both groups used expression cloning and OPG as a probe and quickly identified its ligand, which they called OPG ligand (OPGL) and osteoclast differentiation factor (ODF), respectively (29, 30) This protein turned out to be identical to a member of the TNF super-family, which had been identified the year before and called receptor activator of nuclear factor-κB ligand (RANKL) (31) and TNF-related activation induced cytokine (TRANCE) (32) . Researchers at Immunex had already discovered RANK while they were sequencing cDNAs from a human bone-marrow-derived myeloid dendriticcell cDNA library (18) and it was soon identified as the receptor for OPGL/ODF. They had found that RANK was involved in the survival of dendritic cells and isolated RANKL by direct expression screening. They found that RANKL was expressed by T cells and that it increased proliferation and survival of dendritic cells. RANKL has come to be the generally accepted acronym for this cytokine following the recommendation of a nomenclature committee of the American Society for Bone and Mineral Research (33) . RANKL/RANK/NF-κB signaling is also required for lymph node development and B cell maturation (18, 34) . These discoveries that RANKL/RANK/NF-κB signaling is involved in osteoclast formation and immune responses and that T and B cells express RANKL have spawned the growing field of osteoimmunology.
OCP differentiation is regulated by a number of transcription factors and signaling pathways that are activated by RANKL/RANK interaction. The completion of OCP differentiation by RANKL requires the sequential expression of NF-κB, c-Fos and NFATc1 (35) (36) (37) . Interestingly, TNF, which like RANKL can induce osteoclast differentiation directly from wt OCPs, also induces the sequential expression of NF-κB, c-Fos and NFATc1 (37) . Importantly, TNF can also induce osteoclast formation from OCPs from RANKL−/− and RANK−/− mice in vitro (38) and thus could augment the osteoclast formation induced indirectly by itself and other factors through induction of osteoblastic cell expression of RANKL. c-Fos or NFATc1 can substitute for NF-κB in OCPs in this sequential activation program by RANKL and TNF (37) , and when either of these transcription factors is over-expressed in OCPs IL-1 can induce osteoclast formation directly from them also (39) . RANKL and TNF induce c-Fos expression in OCPs (37, 39) . This may be an important role for these cytokines at sites of inflammation in bone where IL-1 concentrations are increased because this could facilitate direct induction of osteoclast formation by IL-1 and thus augment the effects of these cytokines on osteoclastogenesis.
To resorb bone effectively, osteoclasts must attach themselves firmly to the bone surface using specialized actin-rich podosomes. By means of these podosomes, they form tight seals with the underlying bone matrix in roughly circular extensions of their cytoplasm and within these sealed zones they form ruffled border membranes. This ruffling of the cytoplasmic membrane increases the area of the cell surface for secretion of the proteolytic enzyme, cathepsin K, and hydrochloric acid onto the bone surface (40) . By this sealing and secretory mechanism, they simultaneously degrade the matrix and dissolve the mineral of bone, while protecting neighboring cells from the harmful effects of HCl. RANKL and beta integrin-mediated signaling from bone matrix activate osteoclasts (41) . Osteoclast precursors fuse with one another and become multinucleated under the influence of RANKL. This fusion requires expression by OCPs of DC-STAMP (42) and of Atp6v0d2, a subunit of v-ATPase, a component of the V-type H + ATP6i proton pump complex that secretes H + from osteoclasts (23) . RANKL also induces expression of tartrate-resistant acid phosphatase and cathepsin K through NFATc1 (35) .
RANKL
RANKL exists as a homotrimeric protein and is typically membrane-bound on osteoblastic and activated T cells or is secreted by some cells, such as activated T cells (43) (44) (45) . The secreted protein is derived from the membrane form as a result of either proteolytic cleavage or alternative splicing (46) . The proteolytic cleavage of RANKL is carried out by matrix metalloproteases (MMP3 or 7) (47) or ADAM (a disintegrin and metalloprotease domain) (48) . Most of the factors known to stimulate osteoclast formation and activity induce RANKL expression by osteoblastic stromal cells. However, RANKL is also highly expressed in lymph nodes, thymus, mammary glands and lung and at low levels in a variety of other tissues, including spleen and bone marrow (43) . It is expressed by synovial cells and activated T cells in joints of patients with inflammatory arthritis to contribute at least in part to the joint destruction seen in patients with rheumatoid arthritis.
This joint destruction in RA is also mediated by TNF by a number of mechanisms: it increases the proliferation of OCPs in the bone marrow and the number of them circulating systemically by promoting their egression from the bone marrow (49) ; it also promotes the egression of OCPs from the blood to inflamed joints where along with RANKL and IL-1 it promotes fusion of these cells into osteoclasts (49) . RANKL also stimulates the release of OCPs into the circulation; and recent studies using PTP -knockout mice suggest that osteoclasts themselves regulate the egression of hematopoietic stem cells (HSCs) from niches within the marrow under the control of RANKL. Osteoclasts from PTP -knockout mice have defective adhesion to bone and impaired resorption and RANKL did not induce HSC mobilization in these mice (24) . Thus, RANKL-induced osteoclast activation appears to regulate HSC mobilization as part of homeostasis and host defense mechanisms, linking bone remodeling with the regulation of hematopoiesis.
RANKL is also expressed in epithelial cells in mammary gland lobules during pregnancy and is required for hyperplasia of these cell during lactation and thus milk production in mice (50) . It is expressed by some malignant tumor cells which also express RANK, and thus RANKL signaling may regulate tumor cell proliferation (51) by either an autocrine or a paracrine mechanism when it is produced by accessory cells.
More recent studies have identified a role for RANKL signaling in tumor cell migration and bone metastasis (52) . T cell production of RANKL also induces expression of INFβ by activated osteoclasts through c-Fos signaling to negatively regulate their formation (53), a mechanism that can be enhanced by T cell produced INFγ which degrades TRAF6, an essential adapter protein recruited to RANK to mediate RANK signaling (vide infra) (54) . IFN-γ is a cytokine secreted primarily by activated T cells and NK cells and was originally characterized as a powerful macrophage activator that upregulated nitric oxide production and MHC class II expression in macrophages (55) . It has been reported to be a strong suppressor of osteoclastogenesis in vitro through inhibition of RANKL signaling (54, 56) . However, its effects on osteoclast formation are controversial. IFN-γ also enhances osteoclast generation in cultures of peripheral blood from osteopetrotic patients, in part by normalizing superoxide production (57) and has been shown to be efficacious in the treatment of osteoporosis in humans (58) . A recent study analyzed the in vivo effects of IFN-γ in 3 mouse models of bone loss, including ovariectomy, LPS injection, and inflammation induced by silencing TGF-β signaling in T cells. It demonstrated that the net effect of IFN-γ in these conditions was bone loss due to increased osteoclast formation through the following mechanism: IFN-γ increased the antigen presenting function of bone marrow cells by up-regulating their expression of MHC class II molecules and thus stimulating T lymphocytes to produce RANKL, TNF and IFN-γ (59). It is likely that the effects of IFN-γ on osteoclast formation are complex and will depend on specific conditions in the bone microenvironment and relative concentrations of other cytokines that can affect the differentiation of OCPs. c-Fos/NFATc1-induced OCP differentiation can also be inhibited by reverse signaling through the OCP-expressed ligand, ephrin B2 (22) . Interaction between ephrin B2 and its receptor, Eph 4 on osteoblast precursors prevents c-Fos activation of NFATc1 to inhibit OCP differentiation. Intriguingly, forward signaling through Eph 4 in osteoblast precursors promotes their differentiation (22) , providing further evidence that osteoclastic cells have functions in bone other than bone resorption. It is likely that other mechanisms that limit osteoclast formation and activation through RANKL or TNF signaling will be identified.
Failure of osteoclast formation or activation leads to the development of osteopetrosis in mice, humans and other mammals (2). To date, most cases of osteopetrosis in humans have been attributed to mutations in genes, such as ClCN7, which encodes the chloride channel through which Cl flows from osteoclasts, OSTM1, which has a closely related function, TCIRG1, which encodes the a3 subunit of the H + ATPase of the proton pump, carbonic anhydrase II, which catalyzes the hydration of CO 2 to H 2 CO 3 to provide a source of H + , cathepsin K, which degrades the collagenous matrix, and Plekhm1, which encodes for a vesicle-associated protein linked to small GTPase signaling (2, 3, 60) . Recently, the first report of a mutation in the RANKL gene was described in a kindred of First Nations individuals in Canada (61). The affected individuals had osteopetrosis, but they did not have obvious defect in immunologic parameters such as the number of B and T lymphocytes and frequency of infection. It is also not known if they have some of the other phenotypic features of RANKL−/− mice, such as absence of lymph nodes or failure of lactational hyperplasia. Aparent absence of anticipated immunologic features of RANKL deficiency in affected patients could reflect species-specific differences, or the possibility that these individuals make a mutant RANKL proteins that has some biological activity that mediates immune function, or that these individuals have immune cell deficiencies that have not yet been detected.
RANK
RANK is a homotrimeric transmembrane protein member of the TNF receptor superfamily. It appears to be expressed in fewer tissues than RANKL at the protein level, but in addition to OCPs, mature osteoclasts and dendritic cells, it is expressed in mammary glands (50) and some cancer cells, including breast and prostate cancers (51, 62) , two tumors with high bone metastatic potential. No humans with osteopetrosis have been identified to date with mutations in rank. However, a deletion mutation that occurred spontaneously in rank was reported in transgenic mice. These mice had all of the features of mice with targeted deletion of RANK, confirming the importance of RANK for osteoclastogenesis (63) . In contrast, activating mutations in exon 1 of rank have been reported in humans to account for the increased osteoclast formation, activity and osteolysis seen in some patients with familial Paget's disease, confirming the importance of this system in humans (64) . A potential role for RANK in tumor cell proliferation (51) is being investigated and if proven could be a future target for anti-tumor therapy.
OPG
OPG is secreted by many cell types in addition to osteoblasts, including those in the heart, kidney, liver, and spleen. A recent study reports that B cells may be responsible for 64% of total bone marrow OPG production and B cell-deficient mice are consistently osteoporotic, consistent with B cells being a major source of OPG in the bone marrow of normal mice (65) . Most of the factors that induce RANKL expression by osteoblasts also regulate OPG expression (66) . Although there some are contradictory data, in general when RANKL expression is up-regulated, OPG expression is down-regulated or not induced to the same degree as RANKL, such that the RANKL/OPG ratio changes in favor of osteoclastogenesis (43, 67) . Osteoclast numbers and activity can increase if there is a change in the RANKL/OPG ratio due to either an increase in the former or a decrease in the latter or a change in both that leads to a change in the ratio in favor of RANKL.
OPG's osteo-protective role in humans has been supported by homozygous partial deletions of opg in patients with juvenile Paget's disease, an autosomal recessive disorder in which affected individuals have increased bone remodeling, osteopenia, and fractures (68); in addition, some patients with idiopathic hyperphosphatasia, an autosomal recessive bone disease in which affected children have increased bone turnover associated with deformities of long bones, kyphosis and acetabular protrusion have an inactivating deletion in exon 3 of OPG (69) .
OPG expression is regulated in osteoblasts not only by a variety of cytokines, hormones and growth factors (67) , but also by Wnt/β-catenin (70, 71) . The Wnt/β-catenin pathway also regulates osteoblastic bone formation and the commitment of mesenchymal cells to the osteoblast lineage (72) . Jagged1/Notch1 signaling negatively regulates osteoclast formation both directly in osteoclast precursors and indirectly by affecting the OPG/RANKL expression ratio in stromal cells (73) . Thus, bone mass is determined by many influences on osteoblasts and osteoclasts and is regulated by osteoblasts through three major signaling pathways: RANKL/RANK, Wnt/β-catenin and Jagged1/Notch1.
Based on the presence of renal and aortic calcification in OPG−/− mice, OPG appears to protect large blood vessels from medial calcification (74) . Calcification commonly complicates longstanding atherosclerosis, and the absence of OPG in OPG/apoE double knockout mice accelerates calcific atherosclerosis that develops in apoE−/− mice (75) . These findings suggest that OPG could also limit calcification of atherosclerotic plaques (76) . However, whether OPG or RANKL play important roles in cardiovascular disease remains to be determined and is controversial (77) . For example, OPG serum levels are high in patients with high blood pressure and heart failure (78) and in patients with chronic renal failure, and cardiovascular disease is more common in osteoporotic patients (79) . However, OPG does not appear to protect the skeleton against the increased bone resorption in patients with renal failure and associated secondary hyperparathyroidism mediated by PTH. Further studies will be required to determine the significance of high serum OPG levels in such patients because they raise questions about the importance of the RANKL/OPG ratio in serum samples being predictive of bone mass and bone resorption in these settings (80) .
Transcription factor activation by RANKL/RANK in osteoclasts and OCPs
A key preliminary step in downstream signaling after RANKL ligation to RANK is the binding of TNF receptor-associated factors (TRAFs) to specific sites in the cytoplasmic domain of RANK (32, 81) . RANK is a transmembrane protein, which like other TNF family receptors has no intrinsic protein kinase activating activity to mediate signaling. TRAFs 2, 5 and 6 all bind to RANK (81), but only TRAF6 appears to have essential functions in OCPs and osteoclasts, since deletion of only TRAF6 and no other TRAFs results in osteopetrosis (82, 83) . TRAF6-deficient mice produced by 2 independent groups of investigators developed osteopetrosis (82, 83) . Surprisingly, however, one set of mice has normal numbers of osteoclasts, but they are inactive (82) , while the other has no osteoclasts (83) . How inactivation of TRAF6 resulted in 2 different osteoclast phenotypes remains unexplained. Several signaling pathways are activated by RANK/TRAF-mediated protein kinase signaling; 4 directly mediate osteoclasts formation (inhibitor of NF-κB kinase (IKK)/NF-κB, c-Jun N-terminal kinase (JNK)/activator protein-1 (AP-1), c-myc, and calcineurin/NFATc1) and 3 mediate osteoclast activation (Src and MKK6/p38/MITF) and survival (Src and extracellular signal-regulated kinase) (84) .
Several adapter molecules bind to the intracytoplasmic domain of RANK along with TRAFs to mediate signaling. These include Grb-2-associated binder (Gab) protein 2, a member of a family of proteins that are phosphorylated at tyrosine residues and recruit signaling molecules that contain Src homology-2 domains. Gab2-deficient mice have reduced RANKL-induced osteoclast differentiation, decreased bone resorption and mild osteopetrosis (85) . The development of mild, rather than marked osteopetrosis in these mice suggests that Gab2 plays a significant, but not essential role in RANKL-induced osteoclast formation.
Essential roles for NF-κB, AP-1 and NFATc1 signaling in osteoclast formation was discovered after the generation of mice with targeted deletion of the genes encoding the precursor molecules of both p50 and p52 sub-units of NF-κB (34, 86) , c-Fos (87), and NFATc1 (36) . Over-expression of c-Fos rescues the defect in osteoclast formation in M-CSF-treated NF-κB p50/p52 double knockout osteoclast precursors in the absence of RANKL (37) , and expression of NFATc1 in Fos−/− OCPs rescues their defect in differentiation (35) . Activation of c-Fos by RANKL signaling requires expression of NF-κB p50 and p52, indicating that c-Fos and NFATc1 (37) are downstream from NF-κB (Figure) . On the basis of all these studies, NFATc1 has been described as the master regulator of osteoclast formation (36) . It is activated transiently in OCPs within 60 minutes of treatment with RANKL when it interacts with NF-κB p65 (88) and again during the fusion phase around 50-60 hours later by calcium-dependent calcineurin dephosphorylation. Several additional factors that are activated by RANKL and also participate in NFATc1 up-regulation include c-Fos and RNA polymerase II (89) . Cyclosporine A, a calcineurin inhibitor, inhibits NFATc1 activation; yet treatment of patients with this immunosuppressant is associated with bone loss (90) . NFATc1 also positively regulates expression of osterix, a transcription factor that regulates osteoblast differentiation and function (91) . Thus the likely reason why cyclosporine A induces bone loss in vivo is that it has a greater inhibitory effect on osteoblasts than on osteoclasts (92) .
Recently, signaling molecules other than the transcription factors mentioned above have been implicated in mediating the effect of RANKL/RANK in osteoclasts. Differential screening of a human osteoclastoma cDNA library demonstrated that the regulator of G-protein signaling 10 (RGS10) is specifically expressed in osteoclasts (93) . The expression of RGS10 is induced by RANKL in OCPs, and ectopic expression of RGS10 dramatically increases the sensitivity of osteoclast differentiation to RANKL signaling. RGS10−/− mice exhibit severe osteopetrosis and impaired osteoclast differentiation. (94) . These studies indicate that RGS10 specifically regulates RANKL-evoked RGS10/calmodulin-[Ca 2+ ] i oscillationcalcineurin-NFATc1 signaling in osteoclast differentiation and may be a potential therapeutic target for the treatment of bone diseases in which bone resorption is increased.
Immunoreceptors, Osteoimmunology and RANKL
Activation of calcium signaling during osteoclast formation appears to involve the Fc receptor common γ subunit (FcRγ) immunoreceptor expressed by osteoclasts and the adapter protein, DNAX-activating protein 12 (DAP12), which associates with an immunoreceptor tyrosinebased activation motif (ITAM) (95) . DAP12/FcRγ double knockout mice are severely osteopetrotic due to impaired RANKL-induced NFATc1 activation and they do not form osteoclasts, while mice deficient in either gene have only mildly impaired osteoclast formation (96) . Despite the essential functions of DAP12/FcRγ, this receptor-mediated signaling pathway cannot induce osteoclast formation on its own. Like M-CSF, it is necessary, but not sufficient for osteoclastogenesis. FcRγ-associating receptors include osteoclast-associated receptor (OSCAR) whose expression in OCPs is regulated by NFATc1 (97).
In inflammatory bone disorders, signaling through RANKL/RANK and these immunoreceptors provides an autocrine NFATc1-mediated self-amplifying mechanism to potentially increase osteoclast formation beyond that of RANKL alone. This mechanism for enhanced osteoclast formation in inflammatory bone diseases can also be augmented by TNF and other cytokines in a variety of ways. For example, TNF induces expression of c-fms, the receptor for M-CSF, by OCPs and increases OCP proliferation and survival (98) . It also enhances OCP egression from the bone marrow into the bloodstream from where they can alight in increased numbers at sites of inflammation (49) . These induced OCPs also increase their production of TNF in response to RANKL and TNF (our unpublished observation). As mentioned earlier, TNF also induces c-Fos expression in OCPs through NF-κB to induce osteoclast formation directly and to facilitate direct induction of osteoclastogenesis by IL-1 (Figure) (39, 99) . By comparative microarray analysis of RNA from OCPs isolated from the blood of TNF transgenic (TNF-Tg) mice with established inflammatory erosive joint disease and from wild type littermates, we found that vascular endothelial growth factor (VEGF)-C expression is significantly increased in OCPs from the TNF-Tg mice (100). Interestingly, RANKL significantly increases the expression VEGF-C in osteoclasts and OCPs, and VEGF-C stimulates osteoclast bone resorption. Furthermore, blockade of the VEGF-C receptor signaling reduces RANKL-induced osteoclast bone resorption (101) . Thus, VEGF-C is another RANKL target gene and affects osteoclast function through an autocrine mechanism.
By all of these mechanisms, cytokines can induce self-amplifying autocrine and paracrine cycles in OCPs and osteoclasts to induce increased osteoclast formation and activation and aggressive bone loss. It is likely that osteoclasts and their precursors secrete many more factors that interact with immune and other cells to affect bone volume and turnover in a variety of bone disorders.
Pharmacologic inhibition of RANKL/RANK signaling
Numerous preclinical in vivo studies using inhibitors or RANKL/RANK signaling have confirmed the important roles of this system in rodents and non-human primates. For example, OPG and RANK:Fc inhibited bone loss in models of sex-steroid deficiency and glucocorticoidinduced osteoporosis, rheumatoid arthritis, multiple myeloma, and metastatic bone disease (102) (103) (104) (105) . These studies were followed by phase 1 clinical trials of two forms of OPG: Fc-OPG and OPG-Fc, Single injections of these OPG constructs into normal volunteers resulted in prolonged dose-dependent reductions in biochemical markers of bone resorption (106, 107) . Neither of these proteins was developed for further clinical trials, perhaps because of concerns about the possibility of immune responses to them and consequent unwanted adverse effects on the immune system. They were replaced by Denosumab, a fully human monoclonal antibody developed by injecting mice with human RANKL, which binds to and inactivates RANKL, similar to the action of OPG. Compared to OPG:Fc, Denosumab has a significantly longer circulating half-life and a more prolonged effect to reduce serum levels of markers of bone resorption and formation (108) . There are several phase 2 and 3 clinical trails investigating the efficacy of Denosumab in patients with a variety of bone disorders, including postmenopausal osteoporosis, rheumatoid arthritis, multiple myeloma and metastatic bone disease (43, 109) . To date, treatment of patients in these studies has resulted in significant inhibition of bone resorption without any obvious significant adverse effects.
Summary
Discovery of the RANKL/RANK/OPG system has been one of the most important advances in bone biology in the last decade. This signaling system is essential for skeletal homeostasis, and disruption of it leads to inhibition of bone resorption in vitro and in animal models of most bone diseases characterized by increased resorption. RANKL/RANK signaling plays important roles in tissues other than bone. Elucidation of the specific roles of RANKL/RANK in these various types of cells will likely link bone remodeling in normal and disease states with regulation of the function of other organ systems in health and disease. The discovery of RANKL, RANK and OPG has led to the development of specific inhibitors of RANKL, some of which, such as OPG and a monoclonal antibody to RANKL, have been tested in humans in clinical trials with successful inhibition of bone resorption. Thus, it will be important to determine if long-term inhibition of RANKL has any unwanted adverse effects in these tissues and on immune responses in particular.
Figure. Signaling pathways involved osteoclastogenesis in disease states leading to activation of NFATc1
In inflammatory conditions, such as rheumatoid arthritis, the numbers of immune and accessory cells are increased in affected joints. Some of these cells produce RANKL in response to locally elevated levels of pro-inflammatory cytokines and other inflammatory mediators. RANKL binds to RANK on the surface of osteoclast precursors and recruits the adapter protein, TRAP6, leading to activation of NF-κB through phosphorylation and inactivation of inhibitory kappa kinases (IKKs) and NF-κB inhibitory kinase (not shown here). This induces activation of cFos. NF-κB and c-Fos interact with the NFATc1 promoter to trigger NFATc1 autoamplification of NFATc1 and the transcription of genes, which mediate completion of the differentiation process. In addition to RANKL expression, these cells as well as macrophage/ monocytes and osteoclasts themselves produce large amounts of TNF. TNF binds to the TNF receptor and this also activates c-Fos through both the NF-κB and JNK pathways in osteoclast precursors. TNF also stimulates its own expression and that of IL-1 by OCPs (orange lines). IL-1 does not activate c-Fos, but in OCPs in which c-Fos has been activated, for example by RANKL or TNF, IL-1 can induce osteoclastogenesis directly. This leads to more osteoclast formation using the same NFATc1 activated mechanism as RANKL. In this model, RANKL/ RANK signaling is essential for OCP differentiation under both physiologic (through osteoblastic cells) and pathologic conditions (through accessory cells and OCP themselves), while TNF signaling appears to play a major role in inflammatory bone diseases.
